t he growth plate is a dynamic tissue, in which cells undergo a developmental program from resting cells to proliferation, maturation, and hypertrophy, until they reach terminal differentiation and produce the mineralized matrix that supports endochondral bone formation (1) . Insulin-like growth factor (IGF)-I is a potent growth factor exerting its actions by both endocrine and paracrine/autocrine mechanisms. It is known from cell culture (2, 3) and gene knockout experiments (4) that IGF-I stimulates both proliferation and differentiation of growth plate chondrocytes in vitro and in vivo. IGF-I exerts its biological effect by binding to the transmembrane type 1 IGF receptor, whose activation leads to the extensive tyrosylphosphorylation of insulin receptor substrate-1, which acts as a docking protein for the downstream signal transduction pathways (5, 6) . Previously, we could demonstrate in a cell culture model of the growth plate, the mesenchymal chondrogenic cell line RCJ3.1C5. 18 , that two canonical pathways, the phosphatidylinositol-3 (PI-3)-kinase and the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ ERK)1/2 pathway, mediate the mitogenic response to IGF-I. When chondrocytes progress from proliferating cells to early and terminal differentiating cells, they progressively inactivate IGF-I-related intracellular signaling pathways, and only the PI-3 kinase pathway remains operative for IGF-I signaling (7) .
An inhibition of longitudinal growth is commonly observed in children with chronic inflammatory diseases, such as juvenile idiopathic arthritis (8) , chronic kidney disease (9) , or chronic inflammatory bowel disease (10) . In these patients, serum concentrations of proinflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α are elevated (11, 12) . Furthermore, overexpression of IL-6 in transgenic mice is associated with a 50-70% reduction of postnatal growth as compared with control animals (13) . These proinflammatory cytokines appear to disturb longitudinal growth by a direct effect on the growth plate and by modulation of the systemic growth hormone (GH)/IGF axis. The constellation of inappropriately low IGF-I serum concentrations in the presence of normal circulating GH concentrations has been interpreted as a resistance to the action of GH for hepatic IGF-I production (14) (15) (16) . On the other hand, suppression of chronic inflammation in children with juvenile idiopathic arthritis with etanercept, a TNF-α antagonist, is associated with a rise in IGF-I serum concentrations and catch-up growth (17) .
In addition, the morphology of the growth plate in experimental animals with chronic inflammation is disturbed. For example, growth plates of rats with experimental colitis show a widening of the reserve zone and a reduced proliferative zone in comparison with pair-fed control animals (18) . Currently, little is known about the effects of inflammatory cytokines on the activity of growth factors in the growth plate. As a step toward understanding the underlying mechanisms by which proinflammatory cytokines inhibit growth, we studied the interference of proinflammatory cytokines with IGF-I signaling pathways in the mesenchymal chondrogenic cell line RCJ3.1C5.18 as a cell culture model of the growth plate. RCJ cells progress in culture without biochemical or oncogenic transformation from mesenchymal chondroprogenitor cells to differentiated chondrocytes in a sequence that mimics the phenotype of chondrocytes of the growth plate (19) (20) (21) . Furthermore, these cells do not express IGF-I or IGF-II; therefore, the action of these hormones can be studied without interference from endogenous IGF (20) . We report here that the resistance toward the anabolic action of IGF-I in the growth plate in conditions of chronic inflammation is partially due to the inhibition of IGF-I-specific signaling pathways by proinflammatory cytokines, which affect both IGF-I-driven chondrocyte proliferation and differentiation.
RESULTS

Proinflammatory Cytokines Inhibit IGF-I-Stimulated Cell Proliferation
To evaluate the effect of proinflammatory cytokines on cell proliferation, chondrocytes were incubated with IL-1β (10 ng/ml), IL-6 (100 ng/ml), and TNF-α (50 ng/ml) in the presence or absence of IGF-I. IGF-I (60 ng/ml) stimulated proliferation of RCJ cells fivefold, as assessed by [ Table 1) .
Proinflammatory Cytokines Do Not Alter the Type 1 IGF Receptor Expression
Reduced IGF-I-induced cell proliferation in the presence of proinflammatory cytokines could be due to downregulation of the type 1 IGF receptor. However, neither IGF-I nor the investigated proinflammatory cytokines altered the mRNA abundance of the type 1 IGF receptor in cultured chondrocytes (Figure 2) . Hence, the observed effects of proinflammatory cytokines on IGF-I-stimulated chondrocyte proliferation cannot be ascribed to reduced expression of the type 1 IGF receptor.
Proinflammatory Cytokines Attenuate the IGF-I-Activated Signaling Pathways in Proliferating Cells
IGF-I exerts its mitogenic effect in growth plate chondrocytes via two canonical signaling pathways, the PI-3 kinase and the MAPK/ERK 1/2 pathways. We therefore investigated whether the proinflammatory cytokines IL-1β, IL-6, and TNF-α inhibit IGF-I-activated key signaling molecules of these respective pathways in proliferating chondrocytes. IGF-I increased phosphorylation of ERK as a member of the MAPK/ERK1/2 signaling pathway fivefold (Figure 3 ). All three proinflammatory cytokines also tended to decrease the phosphorylation of ERK under baseline conditions. Coincubation of IGF-I with IL-6 decreased IGF-I-induced phosphorylation of ERK by 50%, while coincubation with IL-1β or TNF-α inhibited IGF-I-induced phosphorylation of ERK by 70%.
IGF-I increased sixfold the phosphorylation of AKT, a key signaling molecule of the PI-3 kinase pathway (Figure 4) . Under baseline conditions, all investigated proinflammatory cytokines numerically decreased phosphorylation of AKT. Coincubation of IGF-I with IL-1β, IL-6, or TNF-α reduced AKT phosphorylation by at least 30% as compared with IGF-I-activated phosphorylation of AKT (Figure 4) . These results indicate that proinflammatory cytokines diminish the IGF-I-mediated cell proliferation by reducing the activation of the PI-3 kinase and MAPK/ERK1/2 signaling pathways.
Proinflammatory Cytokines Inhibit IGF-I-Stimulated Cell Differentiation
The mesenchymal RCJ cell line spontaneously differentiates from displayed polygonal-shaped isolated chondrocytes to Figure 1 . IGF-I-induced cell proliferation is reduced by coincubation with proinflammatory cytokines. RCJ cells were grown to 80-90% of confluence (day 4 of culture defined as baseline, corresponding to proliferating chondrocytes) and were cultured in serum-free medium for 12 h. Medium was changed to α-MEM, and IGF-I (60 ng/ml), proinflammatory cytokines (TNF-α (50ng/ml), IL-1β (10 ng/ml), IL-6 (100 ng/ml)), or vehicle were added for 48 h as indicated. Articles cartilage nodules over 4 to 14 d of culture in differentiating medium in the presence of dexamethasone (21) . Differentiation of RCJ cells was promoted by incubating the cells with β-glycerophosphate and ascorbic acid from day 4 of culture, as described in the Methods section. To evaluate the effect of proinflammatory cytokines on IGF-I-induced chondrocyte differentiation, RCJ cells were cultured in differentiating medium from day 4 of culture until day 14, followed by serum deprivation for 12 h and treatment with IGF-I (60 ng/ ml) and the indicated proinflammatory cytokines for additional 24 h. Exogenous IGF-I enhanced the expression of Ihh and collagen type X, two markers of terminally differentiated chondrocytes, four to sevenfold (Figure 5 ), consistent with our previous observations (7) . While IL-6 and IL-1β reduced IGF-I-induced Ihh expression by ~60%, TNF-α completely abolished IGF-I-induced Ihh expression (Figure 5a ). In addition, proinflammatory cytokines reduced IGF-I-induced collagen type X expression by ~50% (Figure 5b) . These cytokines had no effect on Ihh or collagen type X expression in the absence of IGF-I ( Figure 5) . Furthermore, we measured the effect of IGF-I and proinflammatory cytokines on proteoglycan synthesis as an additional marker of chondrocyte differentiation. Exogenous IGF-I enhanced proteoglycan synthesis threefold We previously observed that in RCJ cells, only the PI-3 kinase pathway is required for early and terminal differentiation in response to IGF-I (7). To determine the effect of proinflammatory cytokines on the IGF-I-mediated activation of AKT as a key signaling molecule of the PI-3 kinase pathways, differentiated RCJ cells were incubated at day 14 with IGF-I, proinflammatory cytokines, or vehicle. IGF-I increased the phosphorylation of AKT 12-fold. Also, under baseline conditions, all investigated cytokines tended to decrease phosphorylation of AKT (Figure 7) . Coincubation of these cytokines reduced IGF-I-stimulated phosphorylation of AKT by 50% (IL-6 and IL-1β) to 70% (TNF-α) (Figure 7) . These results indicate that proinflammatory cytokines diminish the IGF-Imediated cell differentiation by reducing the activation of the PI-3 kinase signaling pathway.
DISCUSSION
The main finding of the this study is that the proinflammatory cytokines IL-1β, IL-6, and TNF-α attenuate the mitogenic and differentiation-enhancing effect of IGF-I in growth plate chondrocytes and that these inhibitory effects are associated with a reduced phosphorylation of key signaling molecules of the PI-3 kinase and MAPK/ERK1/2 signaling pathways, which are critical for IGF-I signaling in these cells (7) . Our data give a mechanistic explanation for the reduced biological activity of IGF-I in the presence of proinflammatory cytokines. According to our data, chronic inflammation negatively impacts longitudinal growth not only by interference with circulating components of the GH/IGF axis but also by interference with the activity of IGF-I in the growth plate as the important target tissue for longitudinal growth. An advantage of RCJ cells as a growth plate model is that these cells do not express IGF-I or IGF-II (20) . Hence, the action of these hormones can be studied without interference from endogenous IGFs. According to our data, proinflammatory cytokines do not have a direct, IGF-I-independent impact on proliferation and differentiation of growth plate chondrocyte but exert their inhibitory activity through the attenuation of IGF-I-related signaling pathways. We could exclude Articles that the observed effects are due to apoptosis. Previous studies on this topic have produced conflicting results. In most of the previous studies, IL-6 had no direct effect on growth plate chondrocyte dynamics (22) (23) (24) (25) (26) . However, in a study using cultured metatarsal bones of fetal rat, IL-1β and IL-6 in high concentrations inhibited cell proliferation in the absence of exogenous IGF-I and had a synergistic inhibitory effect in lower concentrations (22) . This inhibitory effect was partially reversible by IGF-I (22) . Also, in the ATDC5 chondrocyte cell line, IL-1β and TNF-α reduced cell proliferation in the absence of exogenous IGF-I (25) . The most likely explanation for these discrepant findings is that in the latter two models of the growth plate proinflammatory cytokines interfere with the activity of endogenous IGF-I, which is produced by cultured metatarsal bones of fetal rat and ATDC5 cells (27) . Hence, it appears that proinflammatory cytokines inhibit chondrocyte proliferation and differentiation by interference with IGF-I signaling rather than by a direct IGF-independent effect on chondrocyte dynamics.
IGF-I not only is an important endocrine and paracrine/ autocrine regulator of chondrocyte proliferation but also enhances chondrocyte differentiation both in vivo (4) and  in vitro (2,3) . We have demonstrated previously that IGF-I also enhances differentiation of RCJ cells (28) . In this study, we extend this observation and describe that proinflammatory cytokines also attenuate the IGF-I-enhancing effect on cell differentiation. This finding is consistent with data in cartilage from hypophysectomized rats, in which IL-6 diminishes the enhancing effect of IGF-I on proteoglycan synthesis (29) . Our observation that the inhibitory effect of inflammatory cytokines on IGF-I-enhanced cell differentiation is associated with a reduced activity of the PI-3 kinase pathway gives a likely mechanistic explanation.
The precise mechanism of how inflammatory cytokines interfere with the PI-3 kinase and the MAP/EKR1/2 kinase pathways remains to be determined. In our experimental model, we also observed in the absence of IGF-I a slightly reduced phosphorylation of AKT as a key signaling molecule of the PI-3 kinase pathway and of ERK as a key signaling molecule of the MAP/EKR1/2 kinase pathway. Also, data from other investigators indicate that IL-6, IL-1β, or TNF-α interfere directly with the PI-3 kinase and MAP/EKR1/2 kinase signaling pathways (30) (31) (32) .
Theoretically, the reduced biological activity of IGF-I in growth plate chondrocytes in the presence of proinflammatory cytokines could also be due to downregulation of the type 1 IGF receptor. However, we did not observe an effect of proinflammatory cytokines on the gene expression of the type 1 IGF receptor, consistent with findings in breast cancer cells or myoblasts (33, 34) . Whether proinflammatory cytokines inhibit IGF-I activity in the growth plate also by induction of inhibitory IGF-binding proteins will be the focus of future investigations.
From animal studies, it is known that dexamethasone reduces the number of chondrocytes expressing IGF-I mainly in the proliferative and prehypertrophic zones (35) . On the other hand, glucocorticoids are an established treatment option for juvenile idiopathic arthritis to reduce inflammation (8) . It will therefore be interesting to investigate the impact of dexamethasone on the interaction of proinflammatory cytokines with IGF-I in RCJ cells. This issue will be addressed in future experiments.
In conclusion, our data indicate that the proinflammatory cytokines IL-1β, IL-6, and TNF-α attenuate the mitogenic and differentiation-enhancing effects of IGF-I in growth plate chondrocytes, most likely by interference with the IGF-I-related PI-3 kinase and MAP/EKR1/2 kinase signaling pathways. This mechanism likely contributes to the complex pathophysiology of growth failure in chronic inflammation.
METHODS
Reagents
Phosphate-buffered saline, alanyl-l-glutamine, and penicillinstreptomycin were obtained from Seromed Biochrom KG (Berlin, Germany). Bovine serum albumin was purchased from SigmaAldrich Chemicals (Deisenhofen, Germany). Alpha-minimum essential medium (MEM) and fetal calf serum were obtained from Lonza (Verviers, Belgium). Ascorbic acid, β-glycerophosphate, and dexamethasone were obtained from Sigma (Taufkirchen, Germany). Recombinant human IGF-I, recombinant human GH, IL-1β, IL-6, and TNF-α were supplied by Bachem (Weil am Rhein, Germany). Enhanced chemiluminescence reagents were obtained from 
